Some previous studies suggest that aging influences wear and oxidatively degraded nonsterilized ultra-high-molecular-weight polyethylene (UHMWPE) exhibits decreased wear resistance. We therefore asked whether shelf-aging storage conditions influenced degradation and wear resistance of gamma-irradiated UHMWPE. We examined oxidation and wear of 100-Mrad gamma-irradiated UHMWPE (100-Mrad polyethylene) cups shelf-aged for 30 years without (n = 2) or with (n = 2) packages. The oxidation index of the unpackaged 100-Mrad polyethylene surface (4) was higher than that of the packaged one (2.7). The packaged 100-Mrad polyethylene cup exhibited a high wear resistance with a steady wear rate of 0.5 mg/10 6 cycles. In contrast, the unpackaged 100-Mrad polyethylene exhibited an extremely high initial wear rate of 187.9 mg/10 6 cycles over the first 0.25 · 10 6 cycles with a subsequently reduced wear rate of 5 mg/10 6 cycles after 5 · 10 6 cycles. Packaging over long periods inhibits surface oxidation and maintains the wear resistance of gamma-irradiated UHMWPE cups.
Introduction
Gamma irradiation at a dose of 25 to 45 kGy in air is typically used for sterilizing the ultra-high-molecularweight polyethylene (UHMWPE) components of artificial joints. Several investigators have reported the wear resistance of gamma-sterilized UHMWPE is better than that of ethylene-oxide-sterilized UHMWPE [5, 8, 13, 14, 25] . On the other hand, many previous reports have indicated gamma-sterilized UHMWPE undergoes degradation [2, 11, 26] . In 2000, McKellop et al. [16] prepared UHMWPE cups that were subjected to accelerated aging by oxidation (80°C heat treatment for 14 or 30 days) and evaluated them with a hip simulator. They reported before aging, gamma-sterilized PE exhibited a lower wear rate than nonsterilized PE; however, after aging, gamma-sterilized PE exhibited both stronger oxidative degradation and a higher wear rate than nonsterilized PE. These findings suggest aging influences wear and oxidatively degraded UHMWPE exhibits decreased wear resistance. Subsequently, major orthopaedic manufacturers began using gamma irradiation in an inert gas, ethylene oxide gas, or gas plasma for sterilization because it was evident that gamma sterilization in air caused the oxidative degradation of the chemical and mechanical properties of UHMWPE during long-term shelf storage.
In 1966, Awatani and Hashimoto [1] reported the beneficial effects of irradiating the surface layer of PE with highdose irradiation (much higher than used for sterilization). In 1970, Shikita and Oonishi collaborated with Igaki to develop cross-linked PE that was gamma-irradiated at a Each author certifies that he or she has no commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. Each author certifies that his or her institution either has waived or does not require approval for the human protocol for this investigation and that all investigations were conducted in conformity with ethical principles of research. [22] . A limited number of PE cups prepared by gamma irradiation at approximately 100 Mrad (henceforth called 100-Mrad PE) were first implanted in 1971, and they were subsequently marketed in 1973 [17, 18] . These cups were withdrawn from the market in 1978 owing to the bankruptcy of the company providing the special irradiation treatment. However, over the last 30 years, excellent clinical results have been observed with 100-Mrad PE [9, 18, 27] . Several studies suggest the linear wear rate in vivo of acetabular cups made from conventional PE (gamma-sterilized in air or inert gas) is as high as 0.1 to 0.2 mm per year [6, 7] . In contrast, the wear rate of 100-Mrad PE measured from radiographs has been reported as 0.04 ± 0.02 mm per year (and as 0.32 mm per year of conventional PE in the same condition) [17, 20] . Moreover, the wear in retrieved 100-Mrad PE cups was just 0.003 to 0.010 mm per year, 3%-10% that of conventional PE [12] .
However, oxidative chain scission and degradation are induced in gamma-sterilized UHMWPE. The reported wear values for gamma-irradiated UHMWPE depend on the aging conditions such as accelerated aging condition (eg, stored in a heat chamber), shelf life for stored implants, and in vivo aging [2, 3, 11, 26] .
We asked whether shelf-aging storage conditions (unpackaged versus packaged) influenced degradation (oxidation index, free radicals, weight loss) and wear resistance of gamma-irradiated UHMWPE.
Materials and Methods
We investigated the wear and oxidation of four 100-Mrad PE cups that had been shelf-aged without (n = 2) or with (n = 2) packages for 30 years . One cup of each was used to determine oxidation and free radicals and one was used to determine wear in a simulator. The four 100-Mrad aged PE cups were manufactured by Mizuho Medical Instruments Ltd (Tokyo, Japan) in the 1970s. They were produced by the gamma irradiation of compressionmolded UHMWPE (GUR412 resin; Hoechst AG, Frankfurt, Germany) at 100 Mrad in air; the UHMWPE had been machined into the final product shape and was packaged in a PE bag containing air. After irradiation, they remained in stock on the shelf in the hospital (Kokuritsu Osaka Minami Hospital) at room temperature and were either packaged in air-containing triple PE packages (packaged 100-Mrad PE, n = 2) or unpackaged (unpackaged 100-Mrad PE, n = 2) for approximately 30 years in conditions of natural aging. Although the shielding of the packaged 100-Mrad PE from oxygen was not perfect, the triple PE packaging was believed to prevent the inflow of new air.
For the accelerated aging test, 24 new 100-Mrad PE cups were prepared. The 100-Mrad PE cups were remanufactured by Kyocera Corp (Kyoto, Japan) using exactly the same manufacturing method that was used by Mizuho Medical Instruments Ltd. Twenty-four additional new 100-Mrad PE cups were subjected to accelerated aging conditions according to the ASTM F2003 standard, ie, 80°C in air or in saline for a maximum of 1 year, and the extent of oxidation was estimated as will be described.
The oxidation indices of the 100-Mrad PE cups after the hip simulator test and accelerated aging test were measured by microscopic Fourier transform infrared spectroscopic (FTIR) analysis according to the ASTM F2101 standard. These specimens were tested over the range of 800 to 2000 cm -1 using a microscopic FTIR spectrophotometer (Spectrum BX; PerkinElmer Inc, Wellesley, MA) at a resolution of 4 cm -1 for 100 scans.
The concentration of residual free radicals in the 100-Mrad PE cups was determined by the electron spin resonance (ESR) technique. The measurements were carried out on an ESR spectrometer (JES-FE2XG; JEOL Ltd, Tokyo, Japan) operating at 9.3 GHz in a double-resonance cavity. The external field was modulated at 100 kHz to detect the first-order derivative of the absorption line. The relative concentration of defects in each grain was calculated by the double numerical integration of the observed absorption-derivative peaks relative to the signal of a control sample (4-hydroxy-2,2,6,6tetramethyl-4-piperidinol-1-oxyl). Three replicate measurements were performed on each sample, and the average values were taken as the residual free-radical concentration. The initial concentration of residual free radicals was measured using the 100-Mrad PE remanufactured by Kyocera Corp.
The wear test on one unpackaged and one packaged 100-Mrad PE cup was performed using a hip simulator (Advanced Mechanical Technology, Inc, Watertown, MA). The acetabular component was tested using a 36-mm alumina ceramic femoral head (Bioceram; Kyocera Corp). A mixture of 30% bovine serum, 20 mM/L ethylenediaminetetraacetic acid, and 0.2% sodium azide was used as a lubricant. A load simulating a physiologic loading curve with a 1.5-kN peak load was applied with a frequency of 1 Hz. To compensate for the effects of water absorption during the test, we additionally used ''load-soak controls'' of packaged and unpackaged (n = 1 in both cases) 100-Mrad PE. The linear wear was determined at each period.
The morphology (equivalent circle diameter [ECD] and aspect ratio) of wear particles from the simulator test was quantified by scanning electron microscopy according to the ASTM F1877-98 standard. The wear particles were isolated from the bovine serum used for lubrication in the hip simulator test. The isolation and observation of wear particles from the various test intervals were each repeated five times and the mean values were calculated.
The data on the oxidation index [13] , concentration of residual free radicals [21] , and morphology of wear particles [12] in the retrieved 100-Mrad PE cups (n = 2) that were clinically used for 25 to 27 years were referenced from previous studies to compare the results of shelf-aged 100-Mrad PE cups. Furthermore, the data on the oxidation index in the retrieved conventional PE cups (n = 17) that were clinically used for 3 to 27 years were referenced from a previous study [13] .
For the data of oxidation index of shelf-aged 100-Mrad PE cups, the Student's t-test was used to ascertain the differences in the packaged and unpackaged condition and for differences in the wear particles from the simulator test. We used Microsoft Office Excel 2003 (Microsoft Co. Redmond, WA) to determine all statistical differences.
Results
In the two load-soak samples the oxidation index of the unpackaged 100-Mrad PE surface (4) was higher (p \ 0.05) than that of the packaged one (2.7) ( Fig. 1) . In contrast, there was no difference in the oxidation indices (from the surface [2.7] to the interior [1.0]) between the packaged and unpackaged 100-Mrad PE after the test. The 100-Mrad PE that was age-accelerated in air for 1 year exhibited rapid oxidative degradation (oxidation index, 7) for the first 100 days and then exhibited almost no further oxidation (Fig. 2) . In contrast, the 100-Mrad PE ageaccelerated in saline exhibited almost no degradation (oxidation index, 1) after 1 year. The 100-Mrad PE exhibited some oxidation immediately after sterilization because it had been sterilized with gamma irradiation in air. The residual free-radical concentrations of packaged and unpackaged 100-Mrad PE were 4.5 · 10 16 spins/g and 3.5 · 10 16 spins/g, respectively (Fig. 3) . In contrast, the initial free-radical concentration of 100-Mrad PE was 11.9 · 10 16 spins/g and the residual free-radical concentration of retrieved 100-Mrad PE was 4.5 · 10 16 spins/g [20] . The ESR results revealed little difference in the residual free-radical concentrations between the shelf-aged and retrieved 100-Mrad PE. Both the weight loss and the linear wear of the unpackaged 100-Mrad PE cups were greater than these of the packaged 100-Mrad PE cups ( Fig. 4) in the hip simulator test.
The packaged 100-Mrad PE cup exhibited high wear resistance with a (steady) wear rate of 0.50 mg/10 6 cycles. In contrast, the unpackaged 100-Mrad PE exhibited an extremely high initial wear rate of 187.9 mg/10 6 cycles over the first 0.25 · 10 6 cycles with a subsequently reduced wear rate of 5.0 mg/10 6 cycles after 5 · 10 6 Fig. 1 Oxidation indices of test and load-soak (control) samples of 100-Mrad PE shelf-aged either packaged in triple PE packages or unpackaged for 30 years (n = 1, total four cups). The oxidation index of the unpackaged 100-Mrad PE surface was higher than that of the packaged one. cycles. For the first 0.25 · 10 6 cycles, a steep increase of approximately 0.2 mm was observed in the linear wear followed by a leveling off with a tendency toward a gradual increase over time.
Both the ECD and the aspect ratio were higher (p \ 0.001) in the unpackaged 100-Mrad PE than in the packaged one at all hip simulator testing intervals ( Table 1 ). The ECD of unpackaged 100-Mrad PE gradually decreased (p \ 0.001) with increasing testing intervals. The aspect ratio of the wear particles tended to be higher (p \ 0.05) in the initial wear (0-0.25 · 10 6 cycles) than in the steady wear (4.5-5.0 · 10 6 cycles) for both the packaged and unpackaged 100-Mrad PE.
Discussion
The current study aimed to examine the influence of aging conditions on the in vivo degradation and wear resistance of gamma-irradiated UHMWPE by investigating the wear and oxidation of 100-Mrad PE cups shelf-aged with or without packages for 30 years.
We cannot definitively state whether and to what extent the differences in changes of some properties during the shelf-aging occur because we had so few 100-Mrad PE cups which had been aged for a long duration. However, because the data are unique, we believe the results useful. There are a few previous studies on gamma-irradiated UHMWPE aged for a short duration that have attempted to examine the influence of the aging environment on the performance [2, 11, 26] ; therefore the values we found may not be comparable to those in the literature. To gain a better understanding of the retrieved 100-Mrad PE cups and/or gamma-irradiated UHMWPE cups, it is necessary to study statistically with a greater number of such cups.
The cross-linking and degradation reactions of UHMWPE are governed by free-radical reaction pathways [3] . For the reactions to proceed, free radicals must be formed in the PE by high-energy irradiation. Because the 100-Mrad gamma ray is an extremely high-energy beam, homolysis with the production of alkyl radicals could occur in PE (Fig. 3) . Therefore, 100-Mrad PE should contain a large amount of free radicals in the polymer. In the case of unpackaged 100-Mrad PE, the PE surface was exposed to air for a long duration, which should have promoted the reaction of residual free radicals in the PE with oxygen Values are expressed as averages with ranges in parentheses; * data from reference 11; ECD = equivalent circle diameter.
from the air to produce ketones and carboxylic acids, resulting in noticeable oxidative degradation ( Fig. 1) . Previous studies report gamma-sterilized PE containing free radicals degrade with substantial oxidation in vivo [10, 11, 18] . We found the oxidation index of the degraded PE was lower in vivo (retrieved) than in vitro (shelf-aged) ( Fig. 5 ). It has also been reported the oxygen content might be almost zero in the body [11, 24] , and the oxidation index is lower in worn compared to unworn areas of retrieved PE [10, 11, 21] . Therefore, although the oxidative degradation of PE in vivo is related to the surrounding oxygen concentration, ie, that of the body fluid, it does not appear to be the main factor determining the degradation. Currier et al. [4] and Sychterz et al. [23] reported the shelf storage time before implantation is an important factor in oxidative degradation. We believe the shelf storage time and conditions in vitro are more important factors in determining the oxidative degradation than factors in vivo because during accelerated-aging testing, the 100-Mrad PE aged in air exhibited more oxidative degradation than that aged in saline, which prevented exposure to oxygen.
We found the wear rates of 100-Mrad PE cups that had been shelf-aged for 30 years were very low and consistent with the excellent clinical results observed with 100-Mrad PE implanted for more than 30 years [9, 27] . However, the initial wear rate of 187.9 mg/10 6 cycles in unpackaged 100-Mrad PE was extremely high as compared with that of packaged 100-Mrad PE. In a previous hip simulator study, the wear rate of 100-Mrad PE was also as low as -2.22 mg/ 10 6 cycles and could be considered as zero [19] . Therefore, it appears the extraordinarily high initial wear rate of unpackaged 100-Mrad PE is the result of the oxidation of the PE surface during long-term shelf aging.
We observed the packaged 100-Mrad PE had a noticeably low wear rate in both the initial and steady wear intervals. According to previous studies, UHMWPE stored in an inert gas (eg, nitrogen or argon) or a vacuum exhibit very little oxidative degradation [2, 16] . Although the shielding of packaged 100-Mrad PE from oxygen was not perfect in our study because the material was plasticpackaged in air, the triple PE packaging should have prevented the inflow of new air, thus preventing further oxidation. This suggests the packaged 100-Mrad PE had already shifted to a steady wear state before reaching 2.5 · 10 6 cycles. However, this was not the case for unpackaged PE. The packaged 100-Mrad PE may have attained a steady wear state earlier than the unpackaged one because it has a significantly thinner oxidative degradation layer.
Based on the study by McKellop et al. [16] we predicted the wear rate of the age-accelerated conventional UHMWPE would be approximately 70 mg/10 6 cycles. The steady wear rates of both packaged and unpackaged 100-Mrad PE in this study were considerably lower than that value. This indicates 100-Mrad (1000 kGy) gamma irradiation had the additional effect of improving the wear resistance; in other words, the high cross-linking of PE by high-energy irradiation could increase the wear resistance even if oxidative degradation had occurred.
Both packaged and unpackaged 100-Mrad PE exhibited low wear rates that were comparable to those observed clinically with 100-Mrad PE [17] . The worn surfaces were quite smooth for all the 100-Mrad PE cups. Such smooth surfaces might have formed as a result of stable wear performance over a long duration. The aspect ratio of wear particles in our study was almost equal to that of in vivo wear particles (1.4-1.5) [9] , although the ECD was smaller. However, in clinical results [18] , the oxidative degradation of 100-Mrad PE was hardly noticeable, possibly as a result of the lower concentration of dissolved oxygen in vivo than that of gaseous oxygen in air (Fig. 5) . The finding of a larger ECD despite lower oxidative degradation in vivo can be explained by assuming the smaller wear particles were more likely phagocytosed by macrophages in vivo and dissipated.
Since 1998, several different highly cross-linked PE cups irradiated with a dose of 50 to 105 kGy have been produced and used extensively [15] . However, the followup period of such cups is slightly less than 10 years. In previous studies, we reported the long-term clinical wear of 100-Mrad PE cups was lower than that of conventional PE. We expect the highly cross-linked polyethylene cup will exhibit favorably low and steady wear similar to the 100-Mrad PE cup in clinical studies, although a detailed followup is obviously necessary.
Our data suggest gamma irradiation of UHMWPE at 100-Mrad improves wear resistance in vitro and in vivo. The high crosslinking of PE resulting from high-dose irradiation might contribute to the improvement of wear resistance. Shelf storage conditions, which may affect the surface oxidation, influence the wear resistance of gammairradiated UHMWPE acetabular components.
